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We present the results of K-feldspar IRSL dating of the four lower terraces (T3–T6) of the Portuguese Tejo
River, in the Arripiado-Chamusca area. Terrace correlation was based upon: a) analysis of aerial photo-
graphs, geomorphological mapping and field topographic survey; b) sedimentology of the deposits; and
c) luminescence dating. Sediment sampled for luminescence dating gave unusually high dose rates, of
between 3.4 and 6.2 Gy/ka and, as a result, quartz OSL was often found to be in saturation. We therefore
used the IRSL signal from K-feldspar as the principal luminescence technique. The K-feldspar age results
support sometimes complex geomorphic correlations, as fluvial terraces have been vertically displaced
by faults (known from previous studies). Integration of these new ages with those obtained previously in
the more upstream reaches of the Tejo River in Portugal indicates that the corrected K-feldspar IRSL ages
are stratigraphically and geomorphologically consistent over a distance of 120 km along the Tejo valley.
However, we are sceptical of the accuracy of the K-feldspar ages of samples from the T3 and T4 terraces
(with uncorrected De values >500 Gy). In these cases the Dose Rate Correction (DRC) model puts the
natural signals close to luminescence saturation, giving a minimum corrected De of about 1000 Gy, and
thus minimum terrace ages; this may even be true for those doses >200 Gy. Luminescence dating results
suggest that: T3 is older than 300 ka, probably ca. 420–360 ka (wMarine Isotope Stage [MIS]11); T4 is ca.
340–150 ka (wMIS9-6); T5 is 136–75 ka (wMIS5); T6 is 60–30 ka (MIS3); an aeolian sand unit that
blankets T6 and some of the older terraces is 30–12 ka. Collectively, the luminescence ages seem to
indicate that regional river downcutting events may be coincident with periods of low sea level (asso-
ciated, respectively, with the MIS10, MIS6, MIS4 and MIS2).
 2009 Elsevier B.V. All rights reserved.1. Introduction
The Tejo River is one of the major fluvial systems in south-
western Europe. It is w1000 km long with a catchment of
86,000 km2, and drains a significant area of the Iberian continental
interior. The sedimentary and geomorphic records of this long-
lived (ca. 3.6 Ma) fluvial system are important for understanding
late Cenozoic tectonic, climatic and eustatic controls on Iberian
landscape development.
In previous research (e.g. Martins, 1999; Cunha et al., 2005,
2008; Martins et al., 2009) we have documented spatial and: þ351 266 745397.
All rights reserved.temporal patterns of river terrace development along some of the
upstream Portuguese reaches (I, III and IV; Fig. 1). Here, the Tejo
River is superimposed onto uplifted blocks of metamorphic base-
ment, developing wide fluvial terraces in areas of soft substratum
and narrow valleys in the hard substratum. In this paper we explore
the application of luminescence dating to a single fluvial terrace
staircase sequence and associated aeolian sediments within a rela-
tively unstudied reach of the Tejo River that lacks absolute age
control. The luminescence dating results from this study comple-
ment the existing luminescence chronologies of Cunha et al. (2008)
and Martins et al. (2009) from elsewhere in the Tejo system. As in
the earlier work, sediment dose rates were unusually high
(3.4–6.2 Gy/ka); so, we have also chosen to use the IRSL signal from
K-feldspar as the principal luminescence dating technique.
Integration of new and existing luminescence age data enables us
Fig. 1. Geographical setting of the study area and main reaches of the Tejo River (Lower Tejo Basin): I – from the Spanish border to Ro´da˜o; II – from Ro´da˜o to Gavia˜o (NE–SW); III –
from Gavia˜o to Arripiado (E–W); IV – from Arripiado to Vila Franca de Xira; V – from Vila Franca de Xira to the Atlantic shoreline. The faults (F1–F5) act as boundaries between
adjacent fluvial reaches. 1 – estuary; 2 – terraces; 3 – faults; 4 – Tejo main channel.
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aggradation and incision events for the four lower levels of the
terrace staircase.
2. Geologic setting
The study area is located in the Lower Tejo Basin (LTB), a Ceno-
zoic basin in Portugal (western Iberia) (Fig. 1). The bedrock geology
comprises soft Cenozoic siliciclastic sediments and a hard Palae-
ozoic basement of metamorphic or magmatic origin (Fig. 2).
Topographically, the study area is dominated by a plateau rising to
an altitude of 190 m that represents the culminant surface (CS) of
the LTB. This surface corresponds to the final stage of basin infilling,
prior to the ongoing fluvial incision. Below this culminant surface is
a staircase of six inset fluvial terrace levels (decreasing in age from
T1 to T6). Terraces T1 and T2 are certainly outside the range of the
luminescence dating technique and were not investigated here.
3. Dating methods
In this study thirteen new samples were dated using K-feld-
spar IRSL; four are aeolian sediments (Fig. 2), eight were collected
from fluvial terraces and one was collected from the modern river
bed (Table S1). Sand-sized (180–250 mm) K-feldspar grains were
extracted using conventional luminescence sample preparation
techniques (sieving, HCl, H2O2, heavy liquids: 2.58 g/cm
3). The K-
feldspar grains were etched in diluted HF (10%) for 40 min to
remove surface coatings and any contribution from external alpha
radiation. Luminescence measurements were performed on a Risø
TL/OSL DA-15 reader, with luminescence detection through
a standard blue filter combination (Schott BG39 and Corning 7-
59) (Bøtter-Jensen et al., 2003). Small (2 mm) aliquots were
mounted with silicone spray on stainless steel cups. An SAR
(Murray and Wintle, 2000) protocol was used to measure the De
and g values, using the same thermal treatment prior tomeasurement of the IRSL natural/regenerated and of the IRSL test
dose signals (250 C for 60 s; Auclair et al., 2003; Huot and
Lamothe, 2003). An elevated temperature IRSL cleanout (290 C
for 40 s) was used after every SAR cycle to reduce recuperation
(Buylaert et al., 2007; Wallinga et al., 2007). Optical stimulation
was carried out with infrared diodes (875 nm) for 100 s at 50 C.
The initial 3.9 s of stimulation minus a background estimated
from the last 9.2 s was used for all calculations. Radionuclide
concentrations were measured using high-resolution gamma
spectrometry of representative sub-samples (each 200–250 g; the
gamma spectrometry calibration is described in Murray et al.,
1987). The internal dose rates from 40K were based on an
assumed K content of 12.0 0.5% (Huntley and Baril, 1997) and
the internal contribution from U and Th was taken as
0.10 0.05 Gy/ka. Total dose rates lie in the range 3.4–6.2 Gy/ka.4. Results
Fig. S1 shows a sensitivity-corrected IRSL growth curve for one
of the oldest samples in this study (052236, T3 terrace). Despite the
very high natural dose, the natural signal can still be easily inter-
polated onto the growth curve, illustrating the potential of the
feldspar growth curve in the high dose region (inset shows the
natural IRSL stimulation curve). The De measurement is very
reproducible and only between 6 and 10 aliquots are necessary to
reduce the standard error on the mean De to <3%. Recycling ratios
are very close to unity (1.007 0.003, n¼ 58) and recuperation is
<2% of the natural signal.
A useful SAR protocol should be able to recover a given dose
prior to any heating. To test this, a dose recovery test was carried
out using two different bleaching sources (IR bleaching and blue
LEDs). The given dose was chosen to approximately equal the
natural dose of these samples. Fig. S2 shows that there is no
significant difference in dose recovery between the bleaching
mechanisms. In general, the given dose is recovered within 10%
Fig. 2. Geological map of the study area with the samples sites. 1 – Gneisses; 2 – Granites; 3 – Jurassic (mainly limestones); 4 – Cretaceous (sandstones, marls and limestones); 5 –
Paleogene (conglomerates, sandstones and clays); 6 – lower to middle Miocene (sandstones and clays); 7 – upper Miocene (limestones and marls); 8 – Pliocene (conglomerates and
sandstones); 9 – Pleistocene (fluvial terraces); 10 – upper Pleistocene (aeolian sands); 11 – Holocene (alluvium); 12 – fault; 13 – probable fault.
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given dose. We consider these results acceptable taking into
account that it is at present unknownwhat the effect aw10% offset
in dose recovery has on the De. Furthermore, the nature of
bleaching light source used to remove the natural signal may have
an effect on the dose recovery test; this is known to be true for
quartz (Choi et al., in press) and one can expect the same to apply to
feldspars.
Given that most of our samples are fluvial in origin and feldspar
IRSL bleaches slower than quartz OSL (Klasen et al., 2006) we have
to check the size of the residual dose that can be expected from
a modern sample. Sample 052248, collected from the modern
alluvium near Abrantes (Fig. 1), has a De of 1.64 0.66 Gy which
corresponds to an uncorrected age of w500 years (Table S1). Our
youngest fluvial sample is >20 ka so we conclude that bleaching of
the Kf IRSL signal is sufficient for the samples investigated in this
study.
Anomalous fading rates (normalised to a tc¼ 2 days; Huntley
and Lamothe, 2001) were measured using SAR using 3–4 prompts
(immediate measurements; i.e. no delay after dosing and pre-
heating) and delayed measurements. Our delay times were typi-
cally 20–40 h and a representative g value measurement is showninset in Fig. S3a. For the older samples a dose of 270 Gy was used
and for the younger (De< 100 Gy) the dosewas 80 Gy. The test dose
was always 25% of the regeneration dose. The reproducibility of the
prompt measurements is typically better than 0.4%. Fig. S3a shows
a histogram of all the g2days values derived from all the aliquots
measured in this study. The mean is 2.52 0.06%/decade (n¼ 83)
and the distribution is relatively symmetric.
Since we have measured a fading rate on every aliquot for which
we have a De value, we can check whether there is a correlation
between these two parameters (i.e. whether low De values are
caused by high fading rates). In Fig. S3b the De values (normalised
to the sample average) are plotted against the g value for each
aliquot. No clear trend can be observed in the data set. Only for the
highest fading rates (between 3.5 and 4.0%) is there a possible weak
indication of a correlation between De and g (red symbols). For
these samples, in order not to bias our results, we have fading
corrected the ages based on paired De and g values of individual
aliquots. For the other samples, the sample averaged De and g
values were used. The age correction was carried out using the
model proposed by Huntley and Lamothe (2001) for samples with
De values less thanw150 Gy. It is argued by these authors that this
model is only applicable to samples for which the natural signal lies
A.A. Martins et al. / Quaternary Geochronology 5 (2010) 176–180 179in the ‘‘linear’’ part of the growth curve, although they do not define
linear (of course, even close to the origin the growth curve is not
expected to be truly linear). Buylaert et al. (2008, submitted for
publiction) have applied the Huntley and Lamothe (2001) model
and the Dose Rate Correction (DRC) model of Lamothe et al. (2003),
designed for samples with natural signals in the more curving part
of the growth curve, on MIS5e sites in northern Russia and
Denmark, respectively. For the Russian site, with doses ranging
between 120 and 170 Gy, this model and the Dose Rate Correction
(DRC) model of Lamothe et al. (2003) yield essentially the same
ages, and the ages are consistent with those obtained using quartz.
At the Danish site the De values are higher (between 160 and
220 Gy) and the DRC model yields fading-corrected feldspar ages
that are on averagew10–15 ka larger than those obtained with the
Huntley and Lamothe (2001) correction model. The authors were
unable to identify whether the Huntley and Lamothe (2001) model
or that proposed by Lamothe et al. (2003) gives the most accurate
estimate of age (compared to the independent age control), but
they conclude that the Kf IRSL ages (corrected for fading by either
model) are at least as accurate as quartz, and entirely consistent
with the expected age. In this study, samples with De values
>150 Gy were corrected using the DRC model. In the literature, not
many papers exist that have an ‘‘old’’ fading-corrected feldspar IRSL
ages comparedwith independent age control (for polymineral fine-
grains from loess: Buylaert et al., 2007; Auclair et al., 2007; for
sand-sized K-feldspar: Buylaert et al., 2008, submitted for publi-
cation; Wallinga et al., 2007). It seems fair to state that a fading
correction approach works well at least up to w200 Gy; beyond
this the results are more uncertain.
Cunha et al. (2008) and Martins et al. (2009) have shown that
their fading-corrected feldspar ages from this region are in good
agreement with a number of quartz OSL and U-series ages. As
stated in Cunha et al. (2008), samples from the T4 and T3 terraces
with uncorrected De values of >500 Gy should be considered as
minimum ages. From the previous technical discussion we deduce
that the accuracy of samples 072230 (37740 Gy) and 072229
(282 5 Gy) is also uncertain. The De values, dose rates, uncor-
rected ages and corrected ages are presented in Table S1.Distance to river mouth (km)
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Fig. 3. Terrace ages of the reaches I, III and IV. Black filled symbols correspond to the quartz
remaining to Kf IRSL (this work; Cunha et al., 2008; Martins et al., 2009). Error bars on the lum
>500 Gy). Horizontal dashed lines represent the MIS boundaries (Wright, 2000). For the T3
arrows and question marks. Sea level curve data comes from Cutler et al. (2003).5. Discussion
Integration of the new K-feldspar luminescence ages presented
here with existing terrace age data (Cunha et al., 2008; Almeida
et al., 2008; Martins et al., 2009) obtained from adjacent reaches
(Fig. 3) indicates that: T3 is much older than 300 ka; T4 is 340 to
ca. 150 ka; T5 is 136–75 ka; T6 is 60–30 ka; and the aeolian sand
unit that covers the terraces is 30–w12 ka. The terrace ages can be
tentatively compared with Pleistocene Marine Isotope Stages
(MIS): T3 w MIS11 (?); T4 w MIS9-6; T5 w MIS5; T6 – MIS3,
suggesting that fluvial aggradation events were coincident with
high sea level and warmer periods. In contrast, the periods of river
downcutting should correspond to low sea level and cooler climate
periods; major incision phases happened at 15?–30 ka (MIS2), 60–
70 ka (MIS4), and probably w140–150 ka (MIS6). Because of the
likelihood of underestimation of the Kf IRSL ages for samples with
doses >200 Gy, the timing of downcutting events and terrace
aggradation in older periods is not well defined. As a result, the
attribution of MIS11 and MIS9-6 to terraces T3 and T4 respectively
is simply our best estimate at present; another absolute chro-
nometer (perhaps quartz tt-osl) should be used to test this
conclusion.
The luminescence ages of the aeolian sands indicate two phases
of aeolian activity (i) during the later stages of T6 aggradation and
(ii) during the subsequent incision event. A single aeolian age lies in
the 60–30 ka interval, a phase of significant northern hemisphere
millennial timescale climatic variability (Dansgaard et al., 1993),
but themajority of the aeolian ages occupy the last Pleniglacial (28–
13.5 ka). In this time interval two Heinrich events (H1 and H2)
occurred, characterized by the onset of a severe cold and dry
climate in the North Atlantic (Roucoux et al., 2005).
Based upon the geomorphology, river terrace stratigraphy and
luminescence dating from this and previous studies, we conclude
that the most likely driving mechanism for valley widening and
river terrace aggradations versus periods of major fluvial incision
has been base-level changes which were driven by rising and
falling global sea level during Pleistocene climatic fluctuations.
This climate-related base-level control is superimposed onto theSea level curve
(scaled benthic isotopes)
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A.A. Martins et al. / Quaternary Geochronology 5 (2010) 176–180180longer-term (Pliocene to Holocene) trend of regional uplift-driven
fluvial incision. This tectonic uplift accounts for the terrace staircase
in the study area, in which terrace landforms are generally clearly
separated from one another with no or little overlap between
terrace bases and tops.6. Conclusions
This study provides a luminescence chronology for a river
terrace staircase in a previously poorly documented reach of the
Lower Tejo River (Portugal). Samples for luminescence dating were
obtained from the four lower terrace levels (T3–T6) and from
aeolian sediments that blanket the T6 terrace and the eastern valley
flank. As in the earlier studies, the sediments in this area have
unusually high (3–6 Gy/ka) dose rates and a K-feldspar IRSL dating
approach using a fading correction method was applied. The
luminescence ages of this work and those previously published are
consistent with geomorphological data and terrace stratigraphy
over a long (w120 km) distance. A model of river system devel-
opment for the Lower Tejo, based upon an interplay between
climate and tectonic activity, is proposed. Terrace genesis is
attributed to Quaternary climate-related base-level fluctuations
(glacio-eustasy). Integrating the fading-corrected luminescence
ages of river terrace landforms from this study with previously
published results suggests a general coincidence of fluvial aggra-
dation with MIS11, MIS9-6, MIS5 and MIS3 and sea level high-
stands; thus major fluvial incisions have occurred during the
intervening sea level lowstands. The attribution of MIS stages to
major phases of river aggradation and incision is only achieved by
taking into account that the older luminescence dates (say those
with De’s >200–250 Gy) are likely to be minimum ages. These
patterns are superimposed onto a longer-term regional uplift that is
driving progressive fluvial incision into the western Iberian conti-
nental margin. Luminescence ages from the upper aeolian sands
provide a clear cold climate signature and these sands are associ-
atedmainlywith the Pleniglacial, a period of severe cold aridity and
wind intensification highly favourable for aeolian activity and sand
sheet deposition.Acknowledgments
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